Qualitative histologic studies and quantitative measurements were made on crosssectional preparations of common peroneal and ulnar nerves of 32 neuromuscular disease-free dogs from birth to 15 years of age, to provide normative data not available previously. Minimal lesions were seen in nerves of dogs from birth to seven years; however, in older dogs, the incidence of axonal degeneration and segmental demyelination and remyelination increased. Total fiber density of both nerves was over 40,000 fibers/mm2 at birth and declined rapidly during the first six to nine months to level off at about 10,000 fibers/mm2 by one year of age. Density of small (< 5 pm) and large (2 5 pm) diameter fibers attained adult values by one year of age. The frequency distribution of the myelinated fibers was unimodal at birth and became bimodal between three and six months of age. The peaks of the small and large fiber groups occurred at 3 pm and 6 pm, respectively. Larger diameter fibers (10 pm to 12 pm) reached adult values between nine months and one year of age. A 2.5 fold increase in mean fiber diameter occurred during the first year of life. There was no statistically significant change in any histometric parameter after maturity (approximately one year of age).
In the previous study of age-related changes in peripheral nerves of dogs using teased-fiber preparations, the incidence of segmental demyelination and remyelination and wallerian degeneration increased with age [6] . As an adjunctive study, crosssectional preparations of common peroneal and ulnar nerves from 32 dogs without clinical evidence of neuromuscular disease, from birth to 15 years of age, were examined to define further age-related incidence of lesions in myelinated fibers and age-related variations in mean fiber diameter, relative frequency distribution, and density of myelinated fibers. Such qualitative and quantitative base-line data, presently unavailable in the dog, may provide a reference for comparison of lesions occurring in clinical neuropathies.
Materials and Methods
Thirty-two dogs, 23 males and nine females, from one to 15 years of age, were studied. Nine dogs were research controls and all other dogs were killed after being referred to Auburn 319 (table I) . All dogs were given detailed clinical and neurological examinations [25] and judged free of neuromuscular disease. They were in good physical health and without clinical or hematologic evidence of diabetes mellitus, renal disease, hyperadrenocorticism, or hypothyroidism. No selection of dogs was based on breed, size, or sex. Immediately following death by barbiturate overdose (Beuthanasia-D Special, Burns-Biotec Labs., Oakland, CA), 2-cm segments of the common peroneal nerve and ulnar nerve were sampled at the level of the stifle and elbow joints, respectively. The nerves were stretched on wooden tongue depressors with pins and fixed in buffered 10% formalin. After fixation for three to seven days, the nerve samples were divided longitudinally and washed in Millonig's phosphate buffer (pH 7.3) at 4°C overnight. The samples were post-fmed in 1% osmium tetroxide for one hour, washed in phosphate buffer, transferred through graded ethanol solutions and processed for embedding in epon. Semithin sections (1 to 2 pm) were cut transversely and stained with paraphenylenediamine [ 161. Brain, spinal cord, and samples of representative extraneural tissues were removed and immersed in buffered 10% formalin. Fixed tissues were embedded in paraffin and sections were cut at 4 pm and stained with hematoxylin and eosin (HE).
Morphometric studies
Images of transverse sections were projected from a microscope onto the plate of a digital sensor system (Ladd Graphic Data Analyzing System, Ladd Research Industries, Burlington, Vt.) interfaced with a programmable calculator. The sensor plate was calibrated with the stage surface of the microscope using a slide micrometer (Graticules Ltd., Tonbridge, Kent, England). Mean external diameters of myelinated nerve fibers were determined from a random field fiber count of over 600 for each nerve sample. All measurements were made at a fmal magnification of x 2173. Sections were acceptable for measurement only when the majority of fibers were circular in shape. The diameter of the lesser axis was used on oval fibers. Triangular-shaped fibers were measured across their base. Crenated fibers were not measured, but were included in fiber density determinations. From a random field fiber count of over 1000 for each nerve sample, the number of fibers per unit transverse fascicular area was determined.
Statistical studies
Changes in growth patterns of total fiber density, small caliber fibers (< 5 pm) and large (2 5 pm) fibers [this division of fiber size was selected based on 5 pm being the usual point of separation between peaks in nerves having a bimodal distribution], and mean fiber diameter of myelinated fibers in common peroneal and ulnar nerves were assessed using the model [9] : Y = A( 1 -Be-Kt) for an inclining rate of change (equation I), or Y = A( 1 + BepKt) for a declining rate of change (equation 2). The two equations have the same parameters to be estimated and the interpretation of these parameters are alike for both responses. In both equations Y represents the characteristic being investigated and A is the limit of its response at maturity. B is an indicator of the rate of early response changes and early maturity. The K parameter estimates the relative rate of change of Y with respect to the change yet to be made. The minus sign of K in the equations indicates a decline in velocity of change of Y as maturity is approached. Time, or age, is represented by t.
The first derivative of equations 1 and 2 with respect to time (dy/dt) is a measure of absolute change rate of Y at time t. Because time is reported as age in years in estimating the parameters A, B, and K in this study, dy/dt is a measure of instantaneous change in Y per year. Thus, the first derivations for equations 1 and 2 are: dy/dt = KYt (Be-Kt/l -Be-Kt) and dy/dt = -KYt + Be-Kt). The expressions Be-Kt/(l -Be-Kt) and Be-Kt/(l + Be-Kt) from derivatives of equations 1 and 2, respectively, represent the change yet to be attained as a fraction of the size already attained at any age t [lo]. The terms "percent increase" and "percent decrease" denote these values. The term "relative change rate" indicates the instantaneous change rates derived by using the derivatives from equations 1 and 2. The relative change rate is in units of Y. Percent maturity, or percent changes from birth to maturity attained, can be calculated easily from any time on the scale.
Results

Morphologic findings
Clinical or tissue diagnoses are listed in table I. No lesions were observed in cervical or lumbar intumescences of the spinal cord. No ventral horn cell quantitation in these regions was done. A marked variation in size of individual fascicles was seen in both nerves from dogs of all ages. Nerve fascicles were surrounded by a multilamellar perineurium and fascicles were bound together by thick epineurial sheaths ( fig. 1 ). Perineurial Nerves of newborn dogs contained small fibers of variable myelin thickness loosely arranged in small groups with each endoneurial connective tissue compartment containing four to 30 fibers ( fig. 2) . At three months of age there was a pronounced increase in total fiber size (axon and myelin sheath) and fascicles were more compact ( fig. 3) . Large-caliber fibers were seen six months after birth ( fig. 1 ) and by nine months fiber sizes were qualitatively similar to those seen in mature nerve ( fig. 4) with an apparent proportionality between fiber size and myelin sheath thickness.
Except for the presence of an occasional large-caliber fiber with an inappropriately thin myelin sheath, lesions were not found in common peroneal or ulnar nerves of dogs between birth and seven years of age ( fig. 1, 3, 4) . In both nerves of four dogs between ten and 15 years of age, the incidence of lesions increased slightly but usually involved less than 1% or 2% of myelinated fibers. These changes included thinly myelinated fibers and focal fiber degeneration 
Morphometric findings-growth response rates
Plots of mean fiber diameter, total fiber density/mm2, and density of small-and large-caliber fibers per mm2 against age of dogs, in years, are shown ( fig. 9-12 ). Plots for mean fiber diameter and density of large fibers were similar. There were very low 9a I 96 10b Fig. 9 Plots of mean fiber diameter against age. a. common peroneal nerve; 6. ulnar nerve. values for mean fiber diameter and no values for large fibers in nerves of dogs at birth. A rapid increase in the values for both occurred before six months of age, followed by a leveling off at one year of age ( fig. 9 , 11). The small fiber density and total fiber density plots were similar; both had extremely high values at an early age and leveled off by one year of age.
Rate of growth of mean fiber diameter during the first year of life was high. By one year of age mean fiber diameter of common peroneal nerve had reached over 0.90 of its mature size. The mean fiber diameter of ulnar nerve increased slightly faster and reached 0.90 mature size by nine months of age. This difference was evident in relative change rate and percent maturity values in the early ages (tables 11, 111). Further evidence for this was the large K value for the ulnar nerve: 2.728 versus 2.078 (table IV) . Also, means of mean fiber diameter (tables V, VI) showed I l b 1 8 I $1 At birth all fibers in common peroneal and ulnar nerves have diameters less than 5pm; however, at two to three weeks of age, fibers begin to increase in diameter at a rapid rate, with a sudden reduction in number of small fibers. The B, K, and relative change rate values for large fibers were similar for each nerve and 90% of maturity was attained at about six months of age.
The number of small fibers in ulnar nerve declined at a slightly greater rate than those in common peroneal nerve. This decline is hardly detectable in the graphs ( fig.  lo ), but the large B and K values for the ulnar nerve (table IV) are indicative of this. The relative change rate values (tables 11,111) indicate that the decline in small fibers was greater in the ulnar nerve for the first two months of life, similar to that of the 
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Per-cent common peroneal nerve at three months, and was slower thereafter. The early fast rate of change caused the ulnar nerve small fibers to attain 90% of their change at five months of age compared to six months for the common peroneal nerve. The total fiber density for the ulnar nerve was slightly higher at birth and had a greater relative change rate than the common peroneal nerve at early ages. There was no difference in final densities attained. The ulnar nerve reached 90% of its change at four months of age compared to six months for the common peroneal nerve. The B and K values (table IV) and graphs ( fig. 12 ) also indicate earlier maturity for the ulnar nerve.
Means and standard errors of the means for various age groupings for mean fiber diameter, total fiber density, small fiber density, and large fiber density of both nerves are tabulated (tables V, VI). After one year of age, no statistically significant changes in any measured parameter occurred with age. From birth to three months of age, an unimodal distribution was evident in both nerves (fig. 13 ). The majority of fibers in nerves of newborn puppies had diameters between 1 pm and 3 pm, with the largest fibers being 3 to 4 pm and 4 to 5 pm in common peroneal nerve and ulnar nerve, respectively. Fibers 1 to 2 pm in diameter decreased markedly in number during the first three months after birth. At this age mean fiber diameter of both nerves was slightly less than 4 pm, with a diameter range from 2 pm to 9 pm. A bimodal distribution was evident in both nerves at six months of age, with peaks at 2 to 3 pm and 6 to 7 pm and a diameter range from 2 pm to 10 to 11 pm. In nerves of older dogs a bimodal distribution generally was maintained with peaks at 3 pm and 6 pm, the point of separation usually being at 4 to 5 pm.
In nerves from dogs one year of age and older, the range of fiber diameters tended to remain between 2 pm and 12 pm, although occasional fibers had maximum diameters reaching 15 to 16 pm in both nerves of a few dogs. The frequency distribution in both nerves of the 15-year-old dog was unimodal, and number of larger-caliber fibers (9 pm to 12 pm) and mean fiber diameter were reduced ( fig. 13 ).
Discussion
Quantitative results of this study indicate that minimal degenerative changes occur during the adolescent, young adult, and middle-age periods of the dog; however, such changes as large-caliber fibers with inappropriately thin myelin sheaths, compatible with demyelination and remyelination [28] , focal fiber degeneration, and perhaps regeneration, as indicated by cluster formation [2] , may be expected in nerves of aged dogs, namely those ten years of age and older. A similar age-related trend has been observed in common peroneal and ulnar nerves of dogs studied by teasedfiber preparations [6] . In that report, lesions included linear rows of myelin ovoids and balls, segmental demyelination, fibers with intercalated internodes and internodal myelin globules. Since segmental demyelination and remyelination are more readily observed in single-teased nerves, the lower incidence of thinly myelinated fibers seen in cross-sectional nerve from the same population of older dogs is not surprising. The low incidence of fiber degeneration was similar with both techniques. The changes seen in the present report parallel those described in ventral and dorsal lumbar nerve roots in clinically normal older dogs [ 191 and elderly human subjects [ 131.
The cause of the age-related changes was not investigated in this study; however in human nerves, minor compressive effects [l], vascular alterations [12], and the process of aging of neurons [ 131 have been incriminated.
There was no evidence that frequency of Renaut's bodies increased with age. These structures have a roughly spherical outline with a whorled, cell-sparse appearance, and usually are found inside the perineurium and protrude into the endoneurial space. Although these structures have been observed in nerves of healthy humans in greater frequency with increasing age [ 131, and also in increased numbers in certain neuropathic states in man [ 2 ] , their significance remains speculative. Many of these structures were present in nerves of dogs with myopathic changes associated with hyperadrenocorticism [5] .
The unimodal distribution of fibers at birth with a peak in the 1 to 3 pm diameter range is similar to that reported in newborn of other species [12, 15, 20, 301, as is the bimodal distribution that occurs in developing nerve [14, 15, 301 even though the peak of the larger-diameter fibers noted in this study was less than that reported in nerves of other species [4, 171. Certain variables need to be considered in comparative studies of myelinated nerve fiber caliber. First, considerable variation in range of fiber size occurs in specific anatomic nerves within and between species [4, 171. This probably is associated with differences in the functional composition of a particular nerve relative to the content of afferent and efferent fibers [4, 27, 301 . Muscle nerves contain fewer small myelinated fibers than do cutaneous nerves, and diameters of the larger fibers of muscle nerve are greater than those of cutaneous nerve [27, 31, 381 , with mixed sensory and motor nerves often having intermediate values [3 11 . Second, size distribution of myelinated fibers as well as total fiber density, is influenced by fixation 114, 20, 371. It has been reported that no differences occurred in diameters of fibers of nerve fixed in osmium tetroxide compared to fixation in neutral formalin followed by impregnation with osmium tetroxide [4] , as used in our study. Glutaraldehyde causes more shrinkage than fixation in osmium tetroxide alone [ 141, resulting in a displacement of peaks to smaller-size categories. It has been suggested that measurements of sections fmed by one method should not be compared to measurements of sections prepared by another method [ 141. The level of the biopsy sample also may modify the myelinated nerve fiber caliber. Larger-diameter fibers have been reported in nerve roots compared to peripheral nerve in the cat [30] and the dog [7] . This may be related to nerve tapering distally or to more extensive branching of distal nerves [30] . Variation in number and size of fibers in different fascicles of a nerve also has been reported 1321. Finally, fiber diameter measurements vary with section thickness; myelinated fiber diameter is overestimated in sections thicker than 2 pm [14] .
A difference was seen in the diameter of the largest fibers in the present study compared to measurements in many of the same nerves using teased-fiber preparations [6] . The largest-caliber fibers seemed smaller in cross-sectioned nerve than in teased preparations in which fibers with diameters of 16 pm or more were seen often. A similar discrepancy was seen in human nerve [20] and was explained by error in measurement of teased fibers due to 'lens effect' of the teased fiber [40] .
Based on results of quantitative studies, it was evident that the parameters measured in common peroneal and ulnar nerves of dogs (total fiber density, density of fibers less than, and greater than 5 pm in diameter, and fiber size frequency distribution) reached adult proportions by one year of age. The slight increase noted in mean fiber diameter between one to two years of age seemed to result from an increase in size of myelinated fibers 5 to 8 pm in diameter.
It generally is accepted that nerve conduction velocities are related closely to diameter and myelination of nerve fibers, and that the age when nerve conduction velocity attains adult values is the age when myelmated fiber diameters reach maturation. In man this corresponds to the second half of the first decade [12, 20, 361; in the cat it occurs at approximately three to four months of age [21, 231. Following stimulation of a nerve, action potentials of the most rapidly conducting fibers appear first in the record and those of more slowly conducting fibers appear later [3] . Thus, when nerve conduction velocity is reported, it refers to the fastest conducting fibers which are those with the largest diameters [ 18, 211. The slope of the relationship between maximum conduction velocity and outside diameter of the largest fibers is approximately 6 m/s/pm diameter [4, 211. It has been customary to use this factor in relating nerve conduction velocity to larger-diameter myelinated fibers.
Frequency distributions of myelinated fibers in dogs of this study indicated that the largest fibers of appreciable numbers (approximately 3% to 6%) had diameters between 10 and 12 pm. Fibers of this caliber were seen in nerves of dogs between nine and 12 months of age and are equivalent to nerve conduction velocities between 60 and 72 m/s based on the conversion factor of 6. Nerve conduction velocities in this range have been reported in common peroneal and ulnar nerves of dogs [3, 8, 22, 29, 341 and the adult values were attained between eight and 12 months of age [29, 341. Results of the present study correlate closely with nerve conduction velocities reported in dogs from birth to 32 weeks of age [29] using the conversion factor of 6. However, the reported value at birth of 6.3 k 0.28 m/s varies from the computed value of 18.0 to 22.5 m/s (largest diameter fibers in ulnar nerves at birth were 4 to 5 pm), using the smaller conversion factor of 4.5 for fibers with diameters less than 5 pm, as recommended [4] .
Myelinated nerve fibers undergo attrition with age [ 1 1, 261. In several peripheral nerves of elderly humans, a statistically significant reduction in total fiber density, especially of larger-diameter fibers has been reported [24, 31, 33, 35, 371 . This loss of larger-diameter fibers may account partially for reduction in nerve conduction velocity in man with increasing age [39] . In dogs over seven years of age, a gradual decline in nerve conduction velocity for ulnar and sciatic-tibia1 nerves has been reported [34] . The velocity was reduced by 10% to 15% at ten years of age. This velocity reduction cannot be explained by results of the present study in which there was no statistically significant change in any of the histometric parameters measured in nerves of dogs over one year of age; even though there were apparently fewer fibers in the 8 to 12 pm diameter range in the 15-year-old dog and a return to an unimodal distribution spectrum similar to that reported in elderly humans [33] .
A possible explanation for reported nerve conduction velocity in older dogs being less than the expected velocity computed from the measured diameter of the largest fibers in nerves of our dogs, may be in the varying thickness of normal axons along their lengths [ 131; greater diameters occurring in paranodal regions and lesser diameters at nodes of Ranvier and at the region of the Schwann cell nucleus. Accordingly, it is suggested that quantitative measurements of fiber diameters in cross-sectioned nerve always include values that are spuriously large and small [ 131. Furthermore, in dogs ten years of age and older, fibers with changes such as segmental demyelination [6, 191 are not even included in the fiber spectrum while abnormally large fibers undergoing degeneration may be included. Also, structural changes of segmental demyelination and remyelination [6, 191 probably affect the speed of conduction along a fiber so that the normal relationship of conduction velocity to fiber diameter no longer exists [14] .
Quantitative results of this study and of others [3, 8, 22, 29 , 341 provide indirect support for the concept that the relationship between nerve conduction velocity and myelinated fiber diameter in dogs is not influenced by breed, size, or sex.
